and improved WUE by 29%.
Abstract
The Mississippi River Valley Alluvial Aquifer (MRVAA) is the primary irrigation source for the mid-southern USA, but the current withdrawal rate from the aquifer is unsustainable. This research was conducted to determine if interactions among factors that have an effect on the water use efficiency (WUE) of corn could be manipulated to decrease irrigation requirements while maintaining or improving yield and net returns relative to current practices in this region. The effects of deficit irrigation utilizing soil water tension (−50 cbar vs. -125 cbar), planting date (late March vs. late April), and hybrid selection (conventional short season, drought-tolerant full season, or conventional full season) on corn grain yield, WUE, and net returns above seed and irrigation costs were investigated on a Marietta fine sandy loam and a Leeper silty clay near Starkville and Verona, MS, respectively. Yield, WUE, and net returns above seed and irrigation costs for conventional full-season hybrids were at least 18% greater when planted in March rather than April and, regardless of planting date, at least 6% greater than that of conventional short-season and drought-tolerant full-season hybrids. Relative to full irrigation, deficit irrigation increased WUE up to twofold in three out of four planting dates, had no adverse effect on yield or net returns in wet years, but reduced yield and net returns up to 11% in dry years. Our data indicate that the best option to reduce aquifer withdrawal without having an adverse effect on net returns above seed or irrigation costs is to plant conventional full-season hybrids on the early side of the recommended planting window and meet the evapotranspiration demand fully with supplemental irrigation.
T
he Mississippi River Valley Alluvial Aquifer (MRVAA) is the primary water source for irrigation in the mid-southern USA, an agriculturally intensive region consisting of western Tennessee, southeast Missouri, and the delta portions of Mississippi, Arkansas, and Louisiana. In this region, agricultural withdrawal from the MRVAA exceeds the recharge rate by 2.3-fold, thereby causing groundwater decline (Reba et al., 2017; Swaim et al., 2017; Guzman et al., 2014) . Strategies that reduce groundwater withdrawal while maintaining net returns above irrigation costs are required for economic and aquifer sustainability in the mid-southern USA.
so that drought and heat stress are minimized during critical reproductive stages. Although optimum planting dates vary regionally because of environmental differences, planting corn on the early side of the planting window generally has minimal to no adverse effect on grain yield (Araya et al., 2017; Bruns and Abbas, 2006; Bruns, 2003; Staggenborg et al., 1999; Nafziger, 1994; Johnson and Mulvaney, 1980; Lauer et al., 1999; Carter, 1984) . Thus, planting corn on the early side of the recommended planting window in the mid-southern USA can shift R1 (silking) from June to May and increase the probability of reducing aquifer withdrawal by supplanting irrigation with natural rainfall because in the region there is, on the 30-year average, 0.87 more inches of precipitation during May as opposed to June.
Another approach to maintaining net returns while reducing groundwater withdrawal is to condense the irrigation season by planting short-season hybrids that have a similar yield potential to full-season hybrids (Edwards et al., 2005; Popp et al., 2006; Howell et al., 1998; Larson and Clegg, 1999) . Relative maturity ranges from 112 to 120 days in this region for fullseason hybrids. Short-season hybrids reach physiological maturity 10 to 14 days sooner than full-season hybrids, thus, potentially eliminating the need for up to two furrow irrigations. In the mid-southern USA, yield and profitability were similar between short-and full-season hybrids, but the irrigation demand has been shown to be reduced by up to 50% in the former (Edwards et al., 2005; Popp et al., 2006) . Henceforth, "conventional full season" terminology used represents the standard germplasm presently available to producers as opposed to the recently released, drought-traited germplasm or specific, drought-selected germplasm. Planting drought-tolerant hybrids with similar yield potential to that of full-season hybrids may also be a tactic to reduce groundwater withdrawal without having an adverse effect on profitability. Breeders select drought-tolerant hybrids for superior yield stability in environments in which crop water demand is not met (Levitt, 1972; Finlay and Wilkinson, 1963; Clarke et al., 1992; Lindsey and Thomison, 2016) . In the western Corn Belt, drought-tolerant hybrids yield equivalent to or greater than conventional hybrids in low-yielding environments and/or drought conditions (Ciampitti et al., 2015; Cooper et al., 2014; Gaffney et al., 2015) . Conversely, researchers noted that in favorable environments, drought-tolerant hybrids can yield slightly better, 1.9% (Gaffney et al., 2015) , or slightly worse (Cooper et al., 2014) than conventional hybrids. In the eastern US Corn Belt, drought-tolerant hybrids yielded greater than conventional hybrids in low-yielding environments but were inferior in all environments with a yield potential in excess of 197 bu ac -1 (Lindsey and Thomison, 2016) . The performance of drought-tolerant and conventional full-season hybrids are not reported for the mid-southern USA.
Deficit irrigation, that is, intentionally not meeting the crop water demand throughout or during part of the growing season, would be considered an extreme conservation measure for the mid-southern USA but could reduce groundwater withdrawal and maintain net returns if managed judiciously (Kirda, 2002) . For example, corn attained 92% of its yield potential when only 80% of the evapotranspiration demand was met (Klocke et al., 2004; Lamm et al., 2014) . In the midsouthern USA, the effects of planting date, hybrid selection, and deficit irrigation on corn have not been evaluated. The objective of this study was to determine the effects of deficit irrigation (−50 cbar vs. -125 cbar threshold), planting date (late March vs. late April), and hybrid selection (conventional short season, drought-tolerant full season, or conventional full-season) on corn grain yield, net returns above irrigation costs, and water use efficiency.
Site Description and Experimental Design
Research was conducted on a Leeper silty clay loam (fine, smectitic, nonacid, thermic Vertic Epiaquepts) near Starkville, MS and a Marietta loam (Fine-loamy, siliceous, active, thermic Fluvaquentic Eutrudepts) near Verona, MS in 2016 and 2017. Seed bed preparation consisted of forming 20-inch ridges spaced 38 inches apart. The previous crop at Starkville, MS was peanut-followed cotton while the previous crop in Verona both years was soybean.
The experimental design was a randomized complete block design with treatments in a split-split-plot arrangement with four replications. Irrigation threshold was assigned as the main plot treatment using soil water tensions of −50 cbar for full irrigation and -125 cbar for deficit irrigation. Irrigation treatment was randomized within each replication each siteyear. Within each main plot unit, planting dates, late March and late April, were assigned as sub-plot units and were randomized within each replication of each site-year (Table 1) . Within each subplot unit, six hybrids-two conventional short season, two drought-tolerant full season, and two conventional full season-were selected from DEKALB (DKC Monsanto, St. Louis, MO) and Pioneer (Pioneer Hi-Bred Int., Johnston, IA) ( Table 2 ) and assigned as sub-subplot units and were randomized within each replication and each site-year.
In each site-year, hybrids were pooled together to represent a hybrid type, conventional short season, drought-tolerant full season, and conventional full season. The six sub-subplot units, six hybrids, were in a nested treatment structure. Specific hybrid selections were based on seed availability with similar maturities.
Experimental units consisted of four 38-in rows that were 30 ft long. Seed was planted at a rate of 35,512 plants ac -1 with a John Deere 7100 planter (John Deere, Moline, IL) and thinned to 35,000 plants ac -1 at the V2 growth stage (two-leaf). Soil samples were pulled in the fall and were analyzed each year for P and K fertility requirements at a yield goal of 200 bu ac -1
. Fertilizer was applied in the fall in a dry fertilizer form using concentrated superphosphate (0-46-0) and muriate of potash (0-0-60) at rates of 80 and 160 lb ac -1 , respectively. Fertilizer N was applied at a rate of 100 lb ac -1 N at growth stage V2 (two-leaf) and 150 lb ac -1 N at growth stage V6 (six-leaf) using a four-row liquid fertilizer applicator equipped with coulterknives spaced approximately 8 inches from the row.
Irrigation Management
Soil water tension was monitored by installing four Watermark 200SS soil moisture sensors (The Irrometer Co., Inc., Riverside, CA) in the second replication of the study in each treatment at depths of 6, 12, 24, and 36 inches. Furrow irrigation was applied through 15 inches by 9-mil lay-flat polyethylene tubing (Delta Plastics, Little Rock, AR) when the weighted average of the soil water tension over the 36-inch depth was at threshold (Bryant et al., 2017) . As rooting depth would vary throughout the growing season, soil water tension values were averaged depending on the active rooting depth (Krutz, 2016 Washington, DC) (Kebede et al., 2014; Bryant et al., 2017) while the flow rate and application volumes were determined at the field inlet with an 8-inch McCrometer flow tube with attached McCrometer bolt-on saddle flowmeter (McCrometer Inc., Hemet, CA). During irrigation events, the middle three furrows of a four-row plot received irrigation water to ensure adjacent plots were not contaminated. The furrow irrigation dates and application amounts for both locations are recorded in Table 3 . Irrigation was terminated at the R5.5 growth stage (50% milk line) as recommended by the Mississippi State University Extension Service. Water use efficiency was calculated as described by Sinclair et al. (1984) as a ratio of grain yield to total water input:
Where WUE is water use efficiency (bu ac
), IWA is irrigation water applied (ac-inch), and P is precipitation (inch).
Economic Analysis
The model used to estimate irrigation costs in this research incorporates irrigation enterprise budgets developed utilizing the Mississippi State University Corn, Grain Sorghum, and Wheat 2017 Planning Budget. The model develops estimates of total receipts, total direct expenses, total fixed expenses, total specified expenses, and net returns above total specified expenses on a per-acre basis. To estimate returns, Tom Soya Grain Company (West Point, MS) supplied the cash grain price on the day of harvest for each harvest date (A. Danovski, personal communication, 2017) . Net returns are above seed and irrigation costs.
Statistical Analysis
Data for this study were analyzed using analysis of variance (ANOVA) with the PROC GLIMMIX procedure in SAS v.9.4. (Statistical Analytical System Release 9.4; SAS Institute Inc., Cary, NC). Location was a random effect while means were averaged over location, and year was considered a fixed effect. The significance level was set at α = 0.05, least significant means were utilized to test the main effects and their interactions with their appropriate error terms, and degrees of freedom were calculated using the Kenward-Roger method. The six sub-subplot units (six hybrids), were in a nested treatment structure with three hybrid types (conventional short season, drought-tolerant full season, and conventional full season) and two hybrids for each hybrid type for each siteyear. In the analysis of variance, to average over hybrid type, hybrid was treated, within hybrid type, as a random effect.
Weather Conditions
The 2016 growing season was characterized as cooler than normal with above-average precipitation early on. For the March planting, Starkville was 5.1°F warmer (Table 4) and received 2.48 inches of precipitation greater than the 30-year average (Table 5) . During March planting, Verona was 5.4°F warmer and received 1.64 inches of precipitation greater than the 30-year average. Temperatures at the initiation of corn reproductive growth stages were above average at both locations with less rain than the 30-year average. For the April planting, Starkville was 2.1°F warmer and received 1.42 inches of precipitation less than the 30-year average. For the March planting, Verona was 5.4°F warmer and received 1.64 inches more of precipitation than the 30-year average. Temperatures at the beginning of the reproductive growth stages were above the 30-year average for both locations with less rain than average.
The growing season began slightly warmer than normal (Table 4) . Abnormally higher temperatures and below-average rainfall at the beginning of March facilitated early corn planting. Although 2017 began warmer than average, temperatures from April onward followed the 30-year average. Starkville and Verona received slightly below-average rainfall until June with precipitation surpassing the average by 3.12 inches in Starkville and by 1.39 inches in Verona (Table 5) . July was dry with Starkville receiving only 1.59 inches and Verona receiving 1.93 inches less than the 30-yr average precipitation with slightly higher temperatures.
Corn Grain Yield
A primary objective of this study was to determine if the yield potential of drought-tolerant full-season and conventional short-season hybrids was similar or greater than that of conventional full-season hybrids across planting dates and irrigation thresholds. Planting date by hybrid (P < 0.01) and year by irrigation threshold (P < 0.01) interacted to affect corn grain yield. Corn grain yield of conventional full-season hybrids was at least 18% greater when planted in late March rather than late April (Fig. 1) , and, regardless of year or planting date, at least 5% greater than conventional short-season and drought-tolerant full-season hybrids. Relative to full irrigation, deficit irrigation had no effect on yield in the wet year but reduced yield up to 7% in the dry year. These data indicate that in the mid-southern USA environment with a yield potential ranging from 195 to 235 bu ac -1 , drought-tolerant full-season and conventional short-season hybrids yield at least 5% less than conventional full-season hybrids even under drought conditions (Fig. 2) .
Net Returns above Seed and Irrigation Costs
In the absence of regulation or federal subsidies, mid-southern USA producers will only adopt strategies that reduce aquifer withdrawal if the alternative approach improves yield and net returns relative to the regional standard. Year by irrigation threshold (P = 0.04) and planting date by hybrid (P < 0.01) interacted to affect net returns above seed and irrigation costs. Relative to full irrigation, deficit irrigation had no effect in the wet year but reduced net returns above seed and irrigation costs up to 11% in the dry year. Net returns above seed and irrigation costs for conventional full-season hybrids were at least 18% greater when planted in late March rather than late April (Fig. 3) , and regardless of planting date, at least 6% greater than that of conventional short-season and drought-tolerant full-season hybrids. These data indicate that adoption of deficit irrigation, conventional short-season, or drought-tolerant full-season hybrids in the mid-southern USA may not be justified due a reduction in net returns in this study of up to 21% relative to planting a conventional full-season hybrid and meeting the evapotranspiration demand through supplemental irrigation (Fig. 4) .
Water Use Efficiency
Another hypothesis of this study was that the WUE of conventional short-season and drought-tolerant full-season hybrids would be greater than that of conventional full-season hybrids, regardless of planting date or irrigation threshold. For WUE, planting date by hybrid (P < 0.01), irrigation Average temperature Cumulative precipitation threshold (P < 0.01), and year by irrigation threshold by planting date interactions were detected (P < 0.01). The WUE of conventional full-season hybrids was at least 38% greater when planted in late March rather than late April (Fig. 5) , and regardless of planting date, at least 6% greater than that of conventional short-season and drought-tolerant fullseason hybrids. Relative to full irrigation, deficit irrigation increased WUE up to twofold in three out of four planting dates (Fig. 6 ) but always reduced net returns above irrigation costs by at least $53 ac -1
. These data indicate that the best strategy to improve WUE while having no adverse effect on profitability is to plant conventional full-season hybrids on the early side of the recommended planting window while meeting evapotranspiration demands fully with supplemental irrigation.
Conclusion
Planting early within the recommended planting window provided the most positive and consistent effect on corn grain yield, net returns, and WUE regardless of hybrid or irrigation threshold. Similar results for planting corn early is noted (Araya et al., 2017; Bruns and Abbas, 2006; Bruns, 2003; Staggenborg et al., 1999; Nafziger, 1994; Johnson and Mulvaney, 1980; Lauer et al., 1999; Carter, 1984) . As postulated, planting early within the recommended planting window in the mid-southern USA did shift R1 (silking) from June to May, thereby reducing aquifer withdrawal by supplanting irrigation with natural rainfall. A more complete analysis of climate change effects on soil moisture temperatures and frost dates is needed for the mid-southern USA to facilitate adoption of early planting of corn in this region.
The objective of this research was to determine if withdrawal from the MRVAA could be reduced while maintaining yield and profitability by planting drought-tolerant full-season or conventional short-season hybrids early compared with the standard conventional full-season hybrids. Planting conventional full-season hybrids early within the recommended planting window increased yield, WUE, and net returns above seed and irrigation costs up to 18%. Ironically, yield, net returns above seed and irrigation costs, and WUE for conventional short-season and drought-tolerant full-season hybrids were less than that of conventional full-season hybrids, even under drought conditions. Deficit irrigation reduced aquifer withdrawal and improved WUE but reduced yield and net returns up to 11% in a dry year. Currently, the best option to reduce aquifer withdrawal without having an adverse effect on net returns above seed or irrigation costs is to plant full-season hybrids early within the recommended planting window while meeting the evapotranspiration demand fully with supplemental irrigation.
